Abstract: Previous studies have reported an association between global measures of bilateral strength and change of direction (COD) ability. Yet, little is known about the association between unilateral muscle strength qualities and COD ability. The aim of this study was to explore the associations between unilateral muscle strength qualities and COD measures (COD speed (CODS) and COD deficit) when matched limb-for-limb (i.e., right limb vs. right limb, left limb vs. left limb) in adolescent team-sport athletes. One hundred and fifteen athletes (56 males, 59 females) active in cricket, netball, and basketball participated in this investigation. Each player performed trials of countermovement jump (CMJ), single-leg hop (SLH), isometric mid-thigh pull (IMTP) and eccentric knee extensor torque (ECC-EXT) to assess muscle strength qualities and 505 and modified 505 (505 mod ) to evaluate COD ability. Moderate-to-large correlations were observed between SLH and CODS (r = −0.43 to −0.67). Another important finding was that CMJ measures demonstrated moderate-to-large correlations with CODS (r = −0.38 to −0.69) and small-to-moderate correlations with COD deficit (r = −0.24 to −0.45). COD is underpinned by distinct muscle strength qualities and each contribute to specific phases of a COD task. It is therefore likely that such connections exist between muscle strength qualities and COD, with all qualities contributing to overall COD ability.
Introduction
Change of direction (COD) is a dominant feature of field-and court-based sport athletes and is defined as "the ability to decelerate, reverse or change movement direction and accelerate again, and is considered pre-planned" [1] . Time-motion analysis data of soccer show players performing the equivalent of 727 ± 203 turns during play [2] , with players performing 45-49 turns of 90-180 • across all positions. Furthermore, elite soccer athletes perform up to 32% of directional changes of 180 • [3, 4] . At the junior elite level, netball players walking with neutral acceleration and performing a 180 • COD contributed 1.5% more to the wider dataset in comparison to the elite standard [5] . Thus, the ability to change direction is important and may strongly influence periods of play whereby athletes are making a break from an opponent, or applying pressure to achieve a turnover [6] . However, despite the increasing research into COD ability from a performance perspective, our understanding of unilateral muscle strength qualities that underpin COD ability remains a major challenge. A deeper understanding of the relationship between unilateral muscle strength qualities and COD ability would provide practitioners with more tangible information on the key physical determinants of COD ability and allow the development of more targeted training strategies to improve performance.
Materials and Methods
This investigation included 115 male (n = 56) and female (n = 59) team-sport athletes. The male athletes participated in basketball (n = 17; age = 17.3 ± 0.6 years; height = 187.1 ± 9.4 cm; body mass = 81.6 ± 10.5 kg), cricket (n = 23; age = 18.7 ± 2.7 years; height = 175.8 ± 6.1 cm; body mass = 76.9 ± 13.3 kg) and soccer (n = 16; age = 20.1 ± 0.6 years; height = 179.1 ± 5.2 cm; body mass = 76.0 ± 8.6 kg), whereas the female athletes participated in netball (n = 21; age = 18.1 ± 1.1 years; height = 174.0 ± 6.1 cm; body mass = 66.7 ± 5.1 kg), cricket (n = 23; age = 17.6 ± 1.6 years; height = 165.2 ± 9.2 cm; body mass = 61.5 ± 11.1 kg) and soccer (n = 15; age = 20.6 ± 0.6 years; height = 168.0 ± 7.2 cm; body mass = 56.2 ± 6.3 kg). Each athlete was in the preseason phase of training during his or her participation in this investigation. All subjects read and signed a written informed consent form before participation, with consent from the parent or guardian of all players under the age of 18. Approval for the investigation was provided by the University of Salford Ethics committee (ethics approval code: HSCR14/129).
A cross sectional observational design was conducted to investigate the relationships between strength (eccentric and isometric) and power (vertical and horizontal jump) measures and CODS (505 and 505 mod CODS and 505 and 505 mod COD deficit). Maximal isokinetic and isometric strength were selected as both have previously demonstrated strong associations to COD in various populations [1, 18] , while vertical and horizontal jumps were selected as these are commonly used to assess jump performance [16, [19] [20] [21] , and are also largely associated with CODS. Furthermore, 505 and 505 mod tests were selected as they are commonly used to assess COD ability (CODS and COD deficit) [7, 19] .
Unilateral CMJ were performed with one foot on the force platform, and the other limb unsupported and flexed 90 • at the knee. Subjects performed CMJs with the hands on the hips, and countermovement depth was self-selected by the subjects to maximize CMJ height and ecological validity with the instruction to "jump as high and as fast as possible". Each subject performed three warm-up trials on each limb, separated by one minute of rest. Thereafter, subjects performed three maximum effort trials on each limb, with one minute of rest between trials. Countermovement jump data were collected using a portable force platform sampling at 1000 Hz (Kistler Instrument Corporation, Winterthur, Switzerland, Model 9286AA, SN 1209740). The force platform was interfaced with a laptop to allow for direct measurement of force-time characteristics, and then analysed using Bioware software (Version 5.11, Kistler Instrument Corporation, Winterthur, Switzerland) and applied to a customised Microsoft Excel spreadsheet (version 2016, Microsoft Corp., Redmond, WA, USA). Prior to the onset of the countermovement, subjects remained stationary on the force platform for two seconds to enable an accurate measurement of body weight. Vertical ground reaction force data were then averaged across the first second, and the onset of the countermovement was determined 30 ms prior to the instant this value was reduced by 5 standard deviation (SD) [22] . Countermovement jump time to take-off (CMJ-TTT) was calculated from the force-time record as the length of time between the onset of the countermovement and the point of take-off. Jump height (CMJ height) was calculated based on the vertical displacement of the centre of mass based on the laws of constant acceleration. Reactive strength index-modified (CMJ-RSImod) was calculated by dividing CMJ height by CMJ-TTT. The mean performance from each of the 3 trials was used for further analysis.
The SLH was used as a measure of unilateral horizontal jump performance. A 6 m long, 15 cm wide line was marked on the floor, along the middle of which was a standard tape measure, perpendicular to the starting line. The test began with subjects placing the toes on the back of the start line, before balancing on the limb to be tested, with the hands on the hips. Subjects were instructed to use a countermovement, and no restrictions were placed on body angles attained during the preparatory phase, with the instruction to hop as far forward as possible, taking off from one limb, before landing on the same limb. Subjects had to "stick" the landing for two seconds, with no movement of the foot or hands touching the ground, for the trial to be counted. If the subject did not do this, the trial was discarded, and another was attempted. The distance was measured to the nearest 0.01 m using a standard tape measure, perpendicular from the front of the start line to the posterior aspect of the back heel at the landing. Subjects performed a minimum of three warm-up trials on each limb [23] , followed by three hops for maximal horizontal distance. The order of limb was randomised and counterbalanced between subjects. The mean hop distance for the three trials was used for further analysis.
Isometric strength was assessed during unilateral stance isometric mid-thigh pull (IMTP) testing, using a portable force platform sampling at 600 Hz (400 Series Performance Force Plate; Fitness Technology, Adelaide, Australia). The force platform was interfaced with computer software (BMS) that allows for direct measurement of force-time characteristics and then analysed using the BMS software (Version 1, Fitness Technology, Adelaide, Australia) and data were filtered using a fourth-order Butterworth filter (Fitness Technology, Adelaide, Australia) with a 16 Hz cut-off frequency. Subjects obtained self-selected knee and hip angles (knee = 130-150 • ; hip = 140-160 • ) with one foot in the centre of the force platform, with the other limb unsupported and flexed 90 • at the knee. For this test, an immovable, collarless steel bar was positioned at approximately mid-thigh, just below the crease of the hip, using a portable IMTP rig (Fitness Technology, Adelaide, Australia). The bar height could be adjusted (3 cm increments) at various heights above the force platform to accommodate different sized subjects. Once the bar height was established, the subjects stood with feet hip to shoulder-width apart, and their hands were strapped to the bar in accordance with previously established methods [24] .
Each athlete was provided two warm-up pulls, one at 50% and one at 75% of the subjects perceived maximum effort, separated by one minute of rest. Once body position was stabilized (verified by watching the subject and force trace), the subject was given a countdown of "3, 2, 1, Pull". Minimal pretension was allowed to ensure that there was no slack in the subject's body before initiation of the pull [25] . Subjects were instructed to maintain balance, pull against the bar with maximal effort as quickly as possible, and push their single foot into the force platform. Subjects performed a total of six unilateral maximum effort trials (3 with left and right limbs each), in a randomized order, interspersed with two minutes of recovery between trials. Any trials whereby subjects lost balance were excluded, and further trials were performed after a further 2-min rest period. Prior to the onset of the pull, subjects remained stationary on the force platform for two seconds to enable an accurate measurement of body weight. The onset of movement (defined at time point 0 ms) was the point when force exceeded 40 N from body weight [26] . The maximum force recorded from the force-time curve during the 5-s IMTP trial was reported as the IMTP peak force (IMTP-PF) and was presented as a value relative to body mass (N·kg −1 ). The mean performance from each of the 3 trials for each limb was used for further analysis.
Eccentric knee extensor muscle torque (ECC-EXT) was assessed at 60 • ·s −1 using a Kin Com (Chattanooga Group, Hixson, TN, USA) isokinetic dynamometer, as described in previous research [27] . The dynamometer was calibrated according to manufacturers' standardised procedures prior to data collection. Before measuring each limb, the motor axis of the dynamometer was visually aligned with the axis of the knee joint (midway between the lateral condyles of the femur and tibia). The cuff of the dynamometer lever arm was attached to the ankle, 5 cm proximal to the malleoli, and the moment arm recorded for gravity correction purposes. The athlete was seated and stabilised by straps so that only the knee to be tested was moving with a single degree of freedom. The back of the seat was adjusted so that the hip angle was 90 • . Peak torque was obtained from four maximal repetitions in each mode throughout an arc of 90 • (full knee extension = 0 • ). The resistance provided by the weight of the lower-limb was recorded at 30 • knee extension for gravity correction purposes [28] , by adding the gravity correction factor: (weight of limb) × (moment arm) × (cosine (angle of flexion)). The highest peak torque of the four repetitions in each mode was used for further analysis and was presented as a value relative to body mass (Nm·kg −1 ). Data were exported in ASCII format into Microsoft Excel (version 2016, Microsoft Corp., Redmond, WA, USA) for further analysis.
Change of direction speed was assessed utilising 505, followed by 505 mod tests on a third-generation artificial rubber crumb surface (Mondo, SportsFlex, 10 mm; Mondo America Inc., Mondo, Summit, NJ, USA) using "Brower photocell timing Gates" (model number BRO001; Brower, Draper, UT, USA). Subjects started 0.5 m behind the photocell gates, to prevent any early triggering of the initial start gate, from a two-point staggered start. For the 505, subjects were instructed to sprint to a line marked 15 m from the start line, placing either left or right foot on the line, depending on the trial, turn 180 • and sprint back 5 m through the finish. For 505 mod testing, subjects were instructed to sprint to a line marked 5 m from the start line, placing either left or right foot on the line, depending on the trial, turn 180 • and sprint back 5 m through the finish. During both tests, if the subject changed direction before hitting the turning line, or turned off the incorrect foot, the trial was disregarded, and the subject completed another trial after the rest period. For both tests, subjects performed 3 trials on each limb, in a randomized order, with a 2-min rest between trials. The mean performance from each of the 3 trials, for both 505 and 505 mod was used for further analysis.
The COD deficit for both limbs was calculated as the difference between mean 505 or 505 mod time and mean 10-m sprint time [29] . Sprint testing was performed on the same surface as the COD trials with timing gates placed at 0-, 5-, 10-, and 20-m. Subjects performed three trials and the mean 10 m sprint time of was used for further analysis. Subsequently, the mean COD deficit from each of the 3 trials for both 505 and 505 mod was used for further analysis.
Statistical Analysis
Data are presented as mean ± SD. Normality of data was assessed by Shapiro-Wilk statistic. Pearson's product moment correlation or nonparametric equivalent Spearman's rho (ρ) were performed to explore relationships among muscle strength quality to COD ability (CODS and COD deficit) based on pooled, male and female data. Furthermore, all performance measures were categorised as the following: Right limb, left limb, and both limbs averaged. Correlations were evaluated as follows: Small (0.1), moderate (0.3), and large (0.5) [30] . To avoid Type 1 error, a Holm-Bonferroni sequential adjustment was applied as multiple separate comparisons were completed [31] . All statistical analyses were completed using SPSS version 23 (IBM, New York, NY, USA), and statistical significance was set at p ≤ 0.05.
Results
Descriptive data for unilateral muscle strength qualities and COD ability are presented in Table 1 . Correlation coefficients between unilateral muscle strength qualities and COD ability are presented in Tables 2-4 . Correlation coefficients between unilateral muscle strength qualities and COD ability by sport are presented in Tables S1-S3. Notes: CMJ = countermovement jump; RSImod = reactive strength index-modified; SLH = single-leg hop; IMTP-PF = isometric mid-thigh pull peak force; ECC-EXT = eccentric extensor; 505 mod = modified 505; CODS = change of direction speed; COD deficit = change of direction deficit.
Relationships between Muscle Strength Qualities and COD Ability on the Right Limb
• Significant moderate-to-large correlations were revealed between CMJ-RSImod (r = −0.39 to −0.50; p < 0.001) and CMJ height (r = −0.38 to −0.60; p < 0.001) and CODS (Table 2 ).
• Significant moderate-to-large correlations were observed between SLH and CODS (r = −0.48 to −0.64; p < 0.001). In addition, significant moderate-to-large correlations were revealed between IMTP-PF and CODS (r = −0.39 to −0.51; p < 0.001). 
Relationships between Muscle Strength Qualities and COD Ability Average across Both Limbs
• Significant moderate-to-large correlations were revealed between CMJ-RSImod (r = −0.40 to −0.57; p < 0.05) and CMJ height (r = −0.43 to −0.67; p < 0.05) and CODS (Table 4 ).
•
Significant moderate-to-large correlations were observed between SLH and CODS (r = −0.51 to −0.67; p < 0.001). In addition, significant moderate-to-large correlations were revealed between IMTP-PF and CODS (r = −0.43 to −0.57; p < 0.001). Significant moderate correlations were found between ECC-EXT and CODS (r = −0.39 to −0.49; p < 0.05). 
Discussion
The purpose of this investigation was to explore the associations between unilateral muscle strength qualities and COD measures when matched limb-for-limb (i.e., right limb vs. right limb, left limb vs. left limb) in adolescent team-sport athletes. The current investigation found that SLH was largely associated with COD ability, irrespective of limb or sub-group. Another important finding was that jump performances (CMJ-RSImod and CMJ height) were largely associated with CODS, while measures of lower-limb strength (IMTP-PF and ECC-EXT) were associated with CODS for pooled data and male players. Also, it appears CMJ-RSImod to associate with COD deficit. The present findings suggest that a linear relationship does not always exist when examining associations between muscle strength qualities and COD measures on the same limb. These findings may help us to understand the bilateral nature of COD, specifically the role of preparatory steps prior to directional changes in 180 • COD tasks.
Recent studies have used CMJ-RSImod as a measure of jump performance in various athletic populations [21, 32, 33] . However, to the author's knowledge no investigation is yet to investigate its association with COD ability. In this investigation, CMJ-RSImod demonstrated significant moderate to large correlations with CODS. These results seem to be consistent with previous research [1, 12, 34] which found CMJ variables to relate to COD ability. It seems possible that the current results are due to CMJ-RSImod being an indicator of lower-body jump performance, supporting previous research which found measures of reactive strength to associate with COD ability [12] . Another important finding was that CMJ-RSImod demonstrated significant correlations with measures of COD deficit in pooled data and female players. The CMJ-RSImod calculates how high an athlete jumps in relation to how quickly the jump was performed, whereas the COD deficit is defined as how quickly an athlete can perform a COD in relation to their linear sprint speed. To exhibit a greater RSImod, an athlete must jump higher or decrease their time to take-off, or both. Similarly, if linear sprint speed remains constant, to improve COD deficit athletes must enter and exit the COD as quickly as possible. To do this, high amounts of force must be produced and maintained in both concentric and eccentric phases during CMJ [35, 36] and COD [9, 10, 18, 37] . Therefore, the ability to rapidly generate ECC and CON forces appear vastly important to RSImod and COD. When observing the correlations between CMJ-RSImod and measures of COD deficit, it is interesting to note no correlations were observed in male players. This finding is consistent with that of Lockie et al. [38] who found no associations between CMJ height and SLH to COD deficit in male soccer players. Nimphius et al. [29] suggest the COD deficit may provide an alternate measure of COD ability by removing the influence that linear speed may have on a COD test such as the 505 and 505 mod . This may provide some reason as to why there were no significant associations between CMJ-RSImod and the COD deficit, as the influence of stretch-shortening capacities prevalent in the CMJ may not be present in the COD deficit in male athletes. These findings may help us to understand the determinants of both global and isolated measures of COD ability for both males and females, and how other factors such as technique may influence these relationships.
The results of this investigation indicate CMJ height to significantly relate to CODS. These results seem to be consistent with other research which found CMJ height to relate to COD in various populations [1, 7, 12, 34, 39, 40] . These relationships may partly be explained by the fact that CMJ, 505, and 505 mod are dynamic movements requiring high levels of muscular power and, therefore should be closely related. Also, the correlation between CMJ height and COD ability appeared to be higher in female players, which agrees with previous research [39, 41, 42] . Another possible explanation for the association between CMJ height and COD ability is that CODS is highly influenced by linear sprint speed, which has been shown to correlate with CMJ height [1, 34] . Furthermore, previous research demonstrates similar correlations between CMJ height and 180 • COD tests [1, 34] . It can thus be suggested that CMJ height is a strong determinant of COD ability. Therefore, when strength and power profiling athletes for monitoring and testing, researchers and practitioners are recommended to interpret CMJ height determined from vertical velocity at take-off as a determinant of CODS.
The current investigation found that SLH demonstrated significant moderate to large correlations with CODS. These results seem to be consistent with other research which found SLH to be associated with COD ability [14, 16] . These results may be explained by the fact that the SLH is a measure of horizontal jump performance, which has been previously identified as an underpinning muscle strength quality of COD [43] . Another possible explanation for this is that the SLH consists of elements of force production for take-off and force acceptance when landing, which closely relates to the entry and braking demands of 180 • COD ability [9, 18, 37] . These factors may also explain the reason why SLH testing a common practice for assessing both performance and injury risk factors in multiple populations [44] [45] [46] . A note of caution is due here since SLH did not seem to show as strong correlations to COD deficit as compared with CODS. It can therefore be assumed that the SLH is closely associated with both 505 and 505 mod CODS, but its association with the COD deficit remains unclear. Therefore, future studies which take these variables into account, will need to be undertaken.
Prior studies have noted the importance of maximal isometric strength for COD ability [7, 40, 47] . In this investigation, IMTP-PF demonstrated significant correlations with CODS in pooled and male data. These results are in line with those of previous research when reporting the importance of maximal isometric strength in male players [48, 49] . This result may be explained by the fact that COD ability is a combination of all three strength abilities (CON, ECC, and isometric) [7] . Specifically, high levels of isometric strength appear to help maintain the required body position during the plant phase of the COD [7, 8, 10] . In contrast to earlier findings [7, 8, 40, 41] , no evidence of a significant relationship between IMTP-PF and COD ability was detected in female players. It is difficult to explain this result, yet it might be related to differences in sporting backgrounds between the studies or the statistical analyses performed in the current investigation. For example, this investigation performed correlational analyses on unilateral muscle strength qualities and matched COD limb, whereas previous research in female athletes performed analyses based on bilateral stance IMTP and COD testing retained the dominant limb for further analysis [7, 8] . According to these findings, it can thus be suggested that maximal isometric strength does not play an important role in CODS in the current female cohort. Therefore, the present investigation raises the possibility that measures of jump performance (SLH, CMJ-RSImod and CMJ height) are stronger determinants of CODS in female athletes.
The current investigation found ECC-EXT to observe moderate associations with COD ability when tasks were analyzed on the right limb for male and pooled data. Similarly, pooled and male player analyses revealed significant moderate correlations between ECC-EXT with both 505 and 505 mod CODS for the left limb and when averaged across both limbs. However, ECC-EXT demonstrated no associations to CODS for female players for right and left limb, and when averaged across limbs. Furthermore, ECC-EXT showed no association with measures of COD deficit in any data set, or across limb analyses. Several reports have shown that ECC-EXT is largely associated with COD ability [1, 9, 18] . The associations in this investigation were lower compared to those of other studies. A possible explanation for this might be that this investigation matched variables according to limb, while previous research analyzed ECC-EXT of the dominant limb only [18] . It was expected that ECC-EXT would be associated with 505 and 505 mod to control knee flexion when GRFs are high during braking. This investigation has been unable to demonstrate any association between ECC-EXT and COD deficit measures. This result may be explained by the fact that COD deficit (the additional time taken to change direction compared to a linear sprint over an equivalent distance [29] ) is highly influenced by isometric and reactive muscle strength qualities [7, 8, 10] . This notion may be supported by findings in the current investigation where isometric strength (IMTP-PF) and jump performances (SLH, CMJ-RSImod and CMJ height) demonstrated stronger associations to measures of COD deficit, as compared with ECC-EXT. It is therefore likely that such connections exist between such muscle strength qualities and COD deficit. It should be noted that correlations can only give insights into associations and not into causes and effects; therefore, the practical implications described previously need to be interpreted with this in mind.
Some limitations exist in the current study. Change of direction movements are multifactorial involving numerous variables to produce a faster performance [43] . Factors such as technique and muscle activation were not investigated and are limitations, as these factors also influence an athlete's ability to produce a faster CODS. Although this investigation utilized a variety of court and field sport athletes, the results of this investigation are from a homogenous group with similar training backgrounds, playing experience, and current training schedules, making the findings less variable and thereby adding a degree of strength to the analysis.
Conclusions
The purpose of the current investigation was to explore the associations between unilateral muscle strength qualities and COD measures when matched limb-for-limb (i.e., right limb vs. right limb, left limb vs. left limb) in adolescent team-sport athletes. This investigation has shown that associations exist between unilateral muscle strength qualities and measures of COD ability. Coaches and strength and conditioning coaches should ensure that adolescent team-sport athletes develop multi-directional (horizontal and vertical) and unilateral muscle strength qualities, which should result in improvements in COD ability. Unilateral strength should be improved as part of a periodised training programme, ensuring that specific COD training is not neglected. It is acknowledged that future interventions should be undertaken to confirm or reject the causal relationships reported to fully understand the association between unilateral muscle strength qualities and COD ability.
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